Background Throughout Asia, smoking is commonplace at crowded public beaches. Evidence has clearly shown the dangers of secondhand smoke (SHS) indoors, but no naturalistic studies have determined levels of SHS in outdoor air.
Introduction
Concern over the health effects of secondhand smoke (SHS) has caused increasing public support for bans of smoking in public places and research of SHS exposure in workplaces, restaurants, bars and other public places.
1,2 Many low-and middle-income countries (LMICs) now have regulations making indoor places smoke-free. 3 Thailand has a ban on smoking in almost all public indoor locations.
Recently, there has been greater concern about SHS exposure in outdoor settings since evidence shows that any level of exposure is dangerous and can have immediate as well as long-term effects. 4, 5 Thailand has banned smoking in some outdoor areas such as parks, bus stops and open-air markets. However, to date the Nonsmokers' Health Protection Act does not specifically ban smoking on public beaches. 6 Although some experimental studies simulating exposures in outdoor settings have been reported, we have found no naturalistic studies in the literature examining SHS exposure at beaches. 7 Previous studies of SHS exposure by children in Thailand have raised concern about outdoor places where children may experience SHS exposures. 8, 9 In addition, there is new evidence that shows how important smoke-free places are to cardiovascular and neurological health in children. 10, 11 There is also growing concern about smoking and tobacco butt waste at congested beaches in Thailand. 12 This study is the first to assess whether public beach exposures to SHS reaches levels that are dangerous.
Beach use in Thailand
Each year, millions of Thais and foreign tourists frequent Thailand's beaches along its 3219 km of coastlines. In a recent leisure survey, among residents of countries worldwide, Thailand had the largest proportion of residents who went to the beach for vacation (82% said they took a beach vacation in the last year). 13 Over the past 2 decades, Thailand has experienced a rapid increase in tourism; between 1995 and 2015 the number of visitors quadrupled from~7 million to over 29 million.
14 Foreign tourists, particularly young people and families, flock to Thailand's beaches because of the affordable price of beach vacations.
Conditions on public beaches, especially those frequented by most Thais and budget travelers, are considerably different from those at secluded private beaches reserved for affluent Thai and foreign tourists. At public beaches, 10-20 m back from the water's edge, one finds thousands of lounge chairs for rent where, under a patchwork cover of beach umbrellas, beachgoers relax and enjoy food and drink for many hours, taking an occasional swim or playing with children at the water's edge. The beach umbrellas constitute a nearly seamless roof over the lounge area. Behind this area, one typically finds a strip of trees along a roadway where venders sell their wares. The covered beach lounge areas are similar to outdoor (alfresco) dining areas, except that the seating density is even greater than at outdoor dining areas and the beach umbrellas provide a roof restricting air movement. These conditions have prompted the use of PM 2.5 monitoring equipment as employed in previous studies of outdoor alfresco dining in assessing beach air quality conditions. 15 Workers rent out beach chairs, typically charging the equivalent of US$1.20/day. Families often rent four or more chairs to make a picnic site. Narrow paths between clusters of chairs create conditions where visitors spend hours in close proximity to one another. Visitors who rent chairs seldom relocate, even if exposed to smoke from nearby smokers. Workers, including food venders on foot, spend many long hours throughout the year in these conditions.
The commercialization of public beaches has caused massive crowding, which in turn is causing a range of environmental problems. Some public beaches have become so overused that the Department of National Parks, Wildlife and Plant Conservation has stepped up efforts to monitor and limit tour excursions to these beaches. A marine scientist recently noted the huge increase of tourists at a famous destination along the Andaman Sea that had 5000 visitors packed on a beach only 250 m long. 12 Overuse of beaches causes dramatic damage to the natural ecosystem and degrades these locations due to human pollution, including toxic cigarette butts and cigarette smoke. 16 This study measured PM 2.5 point-source exposures from smokers at two popular public beaches in Thailand in June 2015 and also assessed the smoker density at these beaches to determine if proximity to smokers is widespread, contributing to exposures. We consider the implications of our findings for Thailand and other ASEAN and South Asian countries where similar conditions are known to occur.
Methods
We selected two public beaches frequented by hundreds of thousands of Thais every year, as well as sizable numbers of foreign tourists. Like many of Thailand's most accessible public beaches, the two beaches we selected are often crowded and have typical conditions such as lounging areas where outdoor air pollution from SHS is present. We did not select the worst beach conditions; we did not evaluate population density and PM 2.5 exposure at peak summer vacation conditions or only where densities were the very highest.
Measurement of PM 2.5 in beach lounge areas
We used an established protocol for monitoring PM 2.5 . Ignited cigarettes usually release fine particulate matter with a diameter smaller than 2.5 μm (PM 2.5 ) in such substantial amounts that its concentration has been used as an indicator of SHS. Measurement of PM 2.5 levels is the most common method to assess SHS exposure. It has been validated as a method for the assessment of SHS exposure in indoor and outdoor settings. 17 PM 2.5 sampling was taken using a monitoring instrument, TSI SidePak AM 510 Personal Aerosol Monitor, a light scattering photometer device was proven to be effective as an air monitoring device where timed direct readings are needed. [18] [19] [20] Before taking the samples, the SidePak was charged and zero-calibrated following the standard calibration procedure. To measure the concentration of particulate matter of diameter size <2.5 μm, a 2.5 μm impactor was fitted to the monitor, and the flow rate was set at 1.7 l min −1 ; also, a standard calibration factor of 0.32 was applied to the raw data to correct for the properties of SHS. The monitor was set to provide second by second readings of particulate concentrations and left in the monitoring location for 10 min as in past experimental studies of tobacco smoke in outdoor dining areas. 7 The SidePak, with tubing attached to its inlet, was kept in a handbag allowing about one inch of the air intake tube positioned outside of the bag. The device was unobtrusively placed downwind and between 1 and 2 m from a lounging beachgoer who was smoking. Details of the monitoring environment were recorded including the number of smokers present and the distance from the Sidepak to the smoker (e.g. two smokers at 1.5 m from the Sidepak instrument). This monitoring procedure is consistent with past protocols used for assessment of outdoor tobacco smoke. 15, 17 Density information of total population, smokers and children under 12 in the area was collected simultaneously from the beginning of the monitoring period.
Determining population density in beach lounge areas selected for PM 2.5 measurement
We used a recently validated protocol for determining population density in outdoor areas. The number of people in each beach lounge area, including the number of smokers and children under age 12, were recorded according to a procedure developed for assessing outdoor smoking densities in parks in New Zealand, a procedure for continuous monitoring of outdoor user densities. 21 This method was developed in two forms and we utilized the second version since it was found to be 'easier to use and more efficient for data collection.' Thus, multiple density counts were recorded simultaneously with the minimum 10 min PM 2.5 assessment periods near beachgoers and averaged over a 20-min period as specified in the population density protocol.
The process of making a density determination involved setting out an area with a countable number of beachgoers (determined to be between 50 and 100 persons as specified for best accuracy in the protocol) and recording the perimeters of that area (usually about a 20 m area across and to the water's edge) for the beach population and tide conditions at the beaches on the days when measuring population density. This area could vary when the beach area was heavily crowded with people (vacation periods) and at high tide (when there was less sandy beach to the water's edge). 21 Careful documentation of distance to the smoker point source and wind direction was assessed while the Sidepak measurement was being taken. Two research teams of four persons collected the density and PM 2.5 measures simultaneously. Wind direction and speed was estimated using a windsock and through official meteorological reports of the beach locations. We purposely avoided days when winds were forecast to be high and all days of measurement had low-wind speeds with stable flows coming onto the beach from a southeasterly direction.
It is important to note that the close proximity of beachgoers did not vary due to the fixed beach chair arrangements and that areas sampled had no alternative sources of PM 2.5 present.
Results
The two beaches were assessed for PM 2.5 and simultaneously for population density a total of 88 times over two weekends in June 2015. Table 1 shows our findings for Beaches A and B. At Beach A, 37 assessments of PM 2.5 were made and at Beach B, 51 assessments were made. The mean of peak levels are reported, not the mean of every second by second measurement, since smoking plume levels are the concern from smoking point sources. In the covered lounge areas at both beaches, peak readings of PM 2.5 levels were extremely high, reflecting both the proximity and number of smokers at the sites. In most cases, sampling was done within a proximity of 1-2 m with only one smoker present. The top peak levels of 716 and 1335 μg/m 3 , for Beaches A and B, respectively, were consistent with levels reached in other controlled experiments outdoors. 7 Over 10 min of sampling, the mean peak levels were 260 and 504, respectively. High levels were recorded frequently throughout the sampling periods, varying according to the proximity and number of smokers.
Population density results are also shown in Table 1 . These densities are consistent with findings from a study of population density in parks in New Zealand. 21 Although they show moderately high beach use at the sampling sites, the levels we recorded are likely not as high as during the peak vacation season in Thailand which is in April and May (which is summer vacation for Thai children). The beach area used to compute density was based on a beach area to the water's edge at low tide, which included a lot of unused open beach (as opposed to the more limited beach area at high tide). Nonetheless, in the defined areas of the sampling which were a 20-m beachfront by 20 m to the water's edge in all cases, there were up to 101 people, typically with 4 smokers and 15 children. This means that in a 250-m stretch of beach at low tide there could be as many as 1200 total people with about 48 smokers and 180 children (and more than twice that density with the beach area shrunk to 10 m at high tide).
Discussion
Main findings and opportunities Our findings in Table 1 , the first ever recorded in a naturalistic beach setting, show that peak levels of SHS exposure are very high on two popular public beaches in Thailand, exposures similar to those levels of concern in other settings like outdoor dining areas. 15 At two of Thailand's crowded public beaches, visitors and workers in close proximity to smokers are exposed to levels five to ten times the 24-h mean exposure level considered acceptable in Thailand (50 μg/m 3 ) which is a more lenient standard than that of the US EPA and WHO standards/guidelines. [22] [23] [24] In relation to upgrading current Thai practices, there has been passage of a new Tobacco Product Control Act in 2017. Provisions of this law may allow for the adoption of a smoking ban on beaches with local enforcement through regional tobacco control committees. 25 What is already known?
The peak levels we recorded are dangerous because they have been found to trigger both adverse respiratory and cardiovascular effects and later developmental and neurological problems in children. 10, 11 Outdoor SHS has been quantified regarding specific chemical contributions to outdoor air pollution. 26 Our naturalistic findings are consistent with experimental findings that particle levels are high around smokers in low-wind circumstances where plumes of smoke expose others in close proximity to such point-source exposures. In addition, airborne PM 2.5 has been found to circulate and remain present at elevated levels in sheltered areas such as under a canopy of beach umbrellas. 27 As to density, we found a sizeable number of people in beach lounge areas, even during an off-season period and at low tide. Conservatively, we estimate that during high season and at high tide, densities could more than double as compared to what we observed. Our density observations are consistent with other findings in public spaces in New Zealand and the UK. 21 
What this study adds
It is not only that PM 2.5 exposure levels are high around smokers, but that high-population density ensures that many persons will have exposure. Thus, those who tend to spend more time in beach lounge chairs, particularly the elderly, pregnant women, and small children, may experience long periods of PM 2.5 exposure from nearby smoking. While overuse of beaches both by Thais and the growing number of foreign tourists has caused environmental concerns, little attention has been given to the dangers of outdoor SHS exposure in these settings. 28 Our findings show the level of crowding that is occurring can contribute to the risk of experiencing PM 2.5 exposure.
In most indoor public places, SHS is the primary source of hazardous levels of PM 2.5 . 29 In Thailand, campaigns to inform people of the dangers of SHS has cut exposure in homes by more than half. 30 Our findings of current outdoor conditions at beaches raise health concerns, especially for children, because adults often forget to restrict exposures outdoors. 31 This study shows that SHS exposures at crowded public beaches in Thailand reach high levels. Unfortunately other ASEAN and South Asian countries with densely crowded beach lounging conditions similar to those at Thailand's public beaches, may find similar high levels of SHS exposure. While some commitments have been made to address ocean pollution, land-based activities on beaches are often overlooked. Our findings give cause to public regulatory agencies and private beach establishments to take action to eliminate SHS exposure on beaches. Global actions to protect the ocean environment have often emphasized one or more aspects of environmental pollutants, but not until recently has a more comprehensive effort by the UN been launched which also includes policies such as banning smoking on beaches as an important step in ensuring clean seas.
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Limitations of this study
Our research is a first attempt to characterize PM 2.5 levels in an outdoor setting not previously investigated and should be followed by more detailed investigations of different beach conditions. Our study, though assessing both smoker densities and point-source exposures, assessed only two highpopulation settings where variation of conditions were excluded/limited by design to get at the two variables of most concern in this investigation. Future research is needed to go beyond the descriptive findings presented here.
Conclusion
Our study suggests that at Thailand's typical public beach lounge areas, visitors and workers, including children, are being exposed to high levels of SHS in crowded conditions over long periods of time. Beach going is very popular in Thailand and in many other LMICs because it is an inexpensive leisure activity that almost everyone can enjoy. Yet, throughout the world, many public beaches do not currently offer a pleasurable and healthful atmosphere because the air is degraded by SHS and the beach is littered with toxic cigarette butts. This study shows the dangerous SHS exposures smoking causes to beachgoers and workers. It is important to change the pervasive view that smoking in outdoor air environments is of little concern. Instead, we suggest an active and grassroots effort which utilizes the new provisions of the Thai Tobacco Product Control Act mentioned above to change norms and practices so that smoking at beaches is no longer accepted. This change can provide beaches that are truly healthful for all to enjoy.
